Global sea level and the pattern of marine inundation on the Australian continent are inconsistent. We quantify this inconsistency and show that it is partly due to a long wavelength, anomalous, downward tilting of the continent to the northeast by 300 m since the Eocene. This downward tilting occurred as Australia approached the subduction systems in South East Asia and is recorded by the progressive inundation of the northern margin of Australia. From the Oligocene to the Pliocene, the long wavelength trend of anomalous topography shows that the southern margin of Australia is characterized by relative subsidence. We quantify the anomalous topography of the Australian continent by computing the displacement needed to reconcile the interpreted pattern of marine incursion with a predicted topography in the presence of global sea level variations. On the southern margin, long wavelength subsidence was augmented by at least 250 m of shorter wavelength anomalous subsidence, consistent with the passage of the southern continental margin over a north-south elongated, 500 km wide, topographic anomaly approximately fixed with respect to the mantle. The present day reconstructed position of this depth anomaly is aligned with the Australian Antarctic Discordance and is consistent with the predicted passage of the Australian continent over a previously subducted slab. Both the long-wavelength continental tilting and smaller-scale paleo-topographic anomaly on the southern Australian margin may have been caused by subduction-generated dynamic topography. These new constraints on continental vertical motion are consistent with the hypothesis that mantle convection induced topography is of the same order of magnitude as global sea level change.
Introduction
The magnitude of long wavelength anomalous topography produced by mantle processes is uncertain. Several kilometers of anomalous ocean floor depth near subduction zones and the superswells around Southern Africa and in the western Pacific are attributed to mantle processes (Gurnis, 1990 (Gurnis, , 1993 Gurnis et al., 1998 Gurnis et al., , 2000 Conrad et al., 2004; Xie et al., 2006; Zhang and Pysklywec, 2006; Gaina and Müller, in press ). On continents, up to a kilometer of anomalous topography is attributed to mantle processes (Hager et al., 1985; Mitrovica et al., 1989; Lithgow-Bertelloni and Gurnis, 1997; Gurnis et al., 1998; Pysklywec and Mitrovica, 1998; Conrad and Gurnis, 2003; Artemieva, 2007; Heine et al., in review) . However, estimating the magnitude of dynamically driven topography using geodynamic models is controversial due to the sensitivity of model predictions to input parameters, especially mantle viscosity and the scaling between seismic anomalies and density (Thoraval and Richards, 1997; Cadek and Fleitout, 1999) . In addition, it is often difficult to separate the signal that results from convective processes, which we refer to in this paper as dynamic topography, from the component of topography that results from lithospheric processes (Wheeler and White, 2000) .
The role of convective processes in producing surface vertical motions is still debated but has significant implications for our understanding of the evolution of continents and sea level through time. In particular, marine advance and retreat into continental interiors is highly susceptible to evolving buoyancy in the mantle if the topography produced by convective process is of a similar magnitude to global sea level fluctuations. However, in order to isolate topography resulting from convective processes we must be able to completely remove any local and regional tectonic contribution to topography such as the subsidence due to lithospheric stretching or mountain building from distal (Dyksterhuis and Müller, 2008) or proximal plate boundaries.
The Australian continent is a prime candidate for studying the magnitude of surface topography caused by convective processes; the Cenozoic was a period of relative tectonic quiescence for the Australian continent and many of the major onshore physiographic features present today also existed at the beginning of the Cenozoic (Langford et al., 1995) . However, there are several events that we must consider including the uplift of the Flinders Ranges either since the Miocene (Quigley et al., 2007; Sandiford, 2007) or before the Eocene (Veevers, 1984) , intraplate volcanism in east Australia (Knutson, 1989) , uplift of the southeastern highlands (Langford et al., 1995; van der Beek et al., 2001) , and post rift thermal subsidence along the northeastern margin (Langford et al., 1995; Müller et al., 2000c) . However, during the Cenozoic, Australia was largely isolated from tectonic influence as the continent approached a region of subduction and putative long wavelength subsidence (Lithgow-Bertelloni and Gurnis, 1997) . Consequently, Australia is an ideal continent from which to infer anomalous signals of long wavelength topography.
Despite the relative tectonic quiescence, the inundation of Australia is not consistent with global sea level fluctuations. Australia became progressively inundated throughout the Cenozoic despite a long-term fall in global sea level (Fig. 1) . This was previously noted by several authors who proposed that the Australian continent was as much as 250 m higher at the beginning of the Cenozoic than it is today (Bond, 1978; Russell and Gurnis, 1994; Veevers, 1984 Veevers, , 2004 . LithgowBertelloni and Gurnis (1997) proposed the apparent subsidence since the Late Cretaceous may result from the motion of Australia toward subduction in Melanesia and Indonesia. Recently, Sandiford (2007) used the distribution of marine and non-marine sediments to show that the Australian continent experienced a topographic latitudinal asymmetry of marine inundation, since the Miocene. This involved tilting down towards the north, consistent with the continent approaching the dynamic topography low associated with the Melanesian subduction, north of Australia, and up in the southwest. Sandiford (2007) suggested that tilting up in the southwest progressively increased since the Neogene, related to the motion of the southern margin away from a putative dynamic topography low presently centered at the Australian Antarctic Discordance (AAD).
Here we investigate the long wavelength tilt of the Australian continent since the Late Cretaceous. After applying a global sea level curve (Haq et al., 1987; Haq and Al-Qahtani, 2005) to the sedimentload corrected topography, we isolate the topography that is the result of convective processes by comparing the predicted pattern of inundation with an interpreted pattern of marine inundation. We build on the work of Russell and Gurnis (1994) who proposed a bulk downward shift of the continent since the Cretaceous and Sandiford (2007) who proposed a continent wide, northward down tilt since the Neogene. We estimate the long wavelength anomalous topography with a planar surface and establish the magnitude of the evolving long wavelength asymmetry of the Australian continent as a function of its northward motion towards the subduction systems of Melanesia and away from the evolving Australian Antarctic Discordance in the south. We use a planar surface since it is the simplest description of long wavelength anomalous topography that may be experienced continent wide. This method allows us to quantify the first order, longwavelength effect of mantle convection on surface topography without the uncertainties associated with geodynamic models.
Methodology
We quantify the anomalous vertical motion of the Australian continent in three steps (Fig. 2) . First, we interpret the position of the Haq et al., 1987) are filtered using a cosine arch filter with 10 Myr window (thick black and grey lines). Total continental area is defined by the 200 meter isobath (ETOPO2 topography, (N.O.A.A., 2006) . Time is defined at the midpoint of paleogeographic intervals (Langford et al., 1995) . paleo-shoreline from published paleogeographic maps, here called interpreted inundation. Second, we calculate an expected pattern of inundation through time; We remove the effect of sediment loading from present day topography and adjust for global sea level, here called predicted topography. Third, we find a planar surface that minimizes the difference between the interpreted position of the paleo-shoreline and the predicted pattern of inundation; this planar surface quantifies the anomalous long wavelength topography, the sum of the predicted topography and the plane is referred to as modeled topography. We attempt to isolate and further quantify shorter wavelength deviations that are not captured by the long wavelength planar surface.
Interpreted inundation from paleo-shorelines
The extent of marine inundation (the paleo-shoreline), is inferred from the distribution of Late Cretaceous and Tertiary marine sediments preserved in outcrops and boreholes. We use paleogeographic maps of Australia (Langford et al., 1995) to define the paleo-shorelines. These maps are divided into time intervals ranging in length from 3 to 19.6 Myr between 80 Ma and 1.6 Ma. The paleogeographic maps are an interpretation of depositional environment (Struckmeyer and Brown, 1990) constrained by 361 data points, primarily bore holes that include lithology, unit thickness and depositional age (Fig. 3) . We use the midpoint of each time interval as the reference time for comparing paleo-shorelines to modeled topography (time intervals are listed in online Supplementary Table S1).
Predicted topography
At each interval midpoint going back to the Late Cretaceous, we sequentially remove the sedimentary load from present day, 2 min gridded topography (N. O.A.A., 2006) . The mass of the load is determined using lithology and compacted sediment thickness from well data. Sediments are decompacted and removed backward in time using a one-dimensional backstripping methodology (see online Supplementary description S3 and Sclater and Christie (1980) for details of the backstripping methodology) according to common lithologic properties (see online Supplementary material S4). The change in the surface elevation of a point after the removal of sediment is given by an isostatic adjustment
Here z s is the thickness of the decompacted sediment, ΔH is the equivalent column of air or water that is left after sediment removal, ρ w is the density of material infilling the topographic depression (water or air), ρ s is the average sediment density, and ρ m is mantle density.
In order to remove the sediment from the entire continent we spatially interpolate ΔH between individual wells. Wells are irregularly spaced over Australia (Fig. 3) and originate from a variety of sources including those published in the paleogeographic atlas (Langford et al., 1995) and several from the Murray Basin adapted from Gallagher and Gourley (2007) and Müller et al. (2000b) (Fig. 3) . For interpolation of the data onto a grid covering the entire continent we used minimum curvature surface fitting (Smith and Wessel, 1990) . From Eq. (1), one can see that ΔH is a function of both sediment thickness and lithology. By interpolating the ΔH correction and not sediment thickness we preserve consistency between these two variables. In order to produce topography with the sediment removed we apply the interpolated grid of ΔH corrections to present day topography.
We avoid biasing the interpolation of well data by separating the data into land and marine groups and preventing interpolation into areas inferred to be erosional. As can be seen in Fig. 3 , well data are more abundant offshore; by separately gridding the submarine and subaerial units, we avoid interpolation of the typically thicker and denser marine sediment onto land. No attempt to quantify the unloading of the continent due to erosion is made in this study due to the inherent difficulties in quantifying the amount of erosion and reconstructing eroded areas. However, our estimates of paleotopography are considered minima since topography would increase by about 200 m for every kilometer of restored erosion.
The predicted pattern of inundation is produced by removing sediment from the continent and then adjusting sea level according to published global sea level curves (Haq et al., 1987; Haq and Al-Qahtani, 2005) . Both global sea level curves and the published well data use different absolute age scales. More recent age scales use updated biostratigraphic or radiometric information; however, the error within a particular age scale, covering times since the Late Cretaceous, is generally not more than 1 Myr (Rohde, 2003) . At the midpoint of each paleogeographic the paleo-shoreline represents an average shoreline. The sediment corrections are made at these time midpoints and the average global sea level is taken for each paleogeographic interval. Since these intervals range in length from~3 to 20 Myr, the error associated with timescale inconsistencies is insignificant.
Quantified anomalous topography as a plane
We are interested in the difference between the predicted topography and the interpreted inundation from paleo-shorelines. Since the topography at the shoreline is by definition zero meters above sea level the deviation of the predicted topography at the paleo-shoreline describes the anomalous displacement the continent has undergone. We assume the displacement is a long wavelength phenomenon such that the entire motion of the continent can be described by the tilting and uniform shift of a rigid plane. This is the simplest approximation to the displacement which captures a continent scale motion.
For every time interval described by the paleogeographic data we use a least squares inversion m est = inv(G′G)G′d to find the best fitting displacement plane Gm = d where the data vector d is the predicted topography at the paleo-shoreline, m is a vector of model parameters which describes the plane (tilt to the north, tilt to the east and vertical offset), G is the design matrix that describes the relationship between m and d. (Parameters used to calculate the plane are listed in online Supplementary Table S2 ).
Since the paleogeographic maps are interpretations of depositional environment they include errors in the positioning of the paleoshoreline. Langford et al. (1995) consider data points to be within 5 km of their true position but do not state the accuracy of the interpreted features. An effort to fully analyze the magnitude of any errors in interpreted paleo-shoreline positioning is beyond the scope of this paper. However, in order to minimize interpretative errors from the paleogeographic maps we include only the predicted topography data (i.e. topography with sediment removed and inundated with sea level) sampled from a shoreline, which lies within the area defined by the 200 m isobath. The 200 m isobath generally defines the depth of the Australian shelf break (Struckmeyer and Brown, 1990) (Fig. 3) . When the paleo-shoreline extends beyond the present day continental shelf we do not consider this to be reliable and exclude these regions when fitting the planar surfaces.
The northeastern marginal plateaus represent extended continental crust that experienced post rift subsidence following seafloor spreading in the Tasman and Coral Seas 90 to 52 Ma, (Gaina et al., 1999) . The northeastern margin paleo-shoreline extended beyond present day continental shelf before the Late Oligocene. Consequently, all data points along the NE marginal shoreline before the Late Oligocene are excluded when estimating the predicted topography at the paleo-shoreline.
Plane error estimation
We find the planar surface which best fits the data using least squares regression. However, in order to quantify how well our planar surface fits the data we manually adjust the north-south (m 2 ) and east-west (m 3 ) components of the least squares planar surface until we observe a qualitatively unacceptable amount and pattern of inundation. We qualitatively compare the paleogeographic maps to the resulting topography and consider the distance of paleo-shoreline mismatch, the total percentage of inundation and the likelihood of the resulting topographic relief (see online Supplementary material S6 for our decisions). A similar qualitative method was applied to Australian data for the Cretaceous (Russell and Gurnis, 1994) . Fig. 4 shows m 2 and m 3 as a function of age along with the estimated acceptable range of adjustments to the plane; the range of possible adjustments to m 2 and m 3 is small but this range increases with increasing age indicating there are more significant paleo-shoreline uncertainties within the Cretaceous paleogeographic maps and/or a planar tilt is not an optimal tool to approximate Cretaceous anomalous topography.
Results comparing modeled inundation to interpreted Inundation
We add the calculated plane of best fit which approximates anomalous topography to the predicted topography and produce a modeled topography. Our modeled percent of inundation closely approximates the trend and magnitude of the interpreted percent of continental inundation taken from paleogeographic maps (Fig. 1) . In both cases, the continent became progressively more inundated since the Late Cretaceous. In contrast, the inundation predicted by sediment unloading and global sea level alone (i.e. without the added planar tilt), is one of progressive exposure since the Late Cretaceous (Fig. 1) .
Late Cretaceous results
During the Late Cretaceous, the modeled inundation is greater (12% to 19%) than the interpreted inundation (7% to 19%) (83 Ma to 52 Ma Fig. 5 ). This difference is largely due to mismatches along the southern margin ( Fig. 5B and C) .
Tertiary results
Modeled inundation is only slightly higher (0 to 4%) than interpreted inundation during the Tertiary (52 Ma to 2 Ma Fig. 5 ). During the Tertiary, the northern (Gulf of Carpentaria), northwestern (Canning Basin), western (Carnarvon Basin) and eastern margins (Maryborough Basin) of Australia are well predicted by the modeled topography (Fig. 6) . Despite the trend of falling sea level since the Neogene, this modeled inundation closely approximates the interpreted inundation on these margins and in particular exhibits the progressive inundation of the northern margin since the Oligocene.
The Tertiary Southern margin
Modeled topography closely fits the northern, western and northwestern margin paleo-shorelines. This suggests that a single long wavelength adjustment to predicted topography successfully accounts for the inundation pattern of the Australian continent during the Tertiary. However, along parts of the southern margin, the mismatch between modeled topography and paleoshorelines is significant. We propose this mismatch is accounted for by a shorter wavelength component of anomalous topography.
There are two principal areas of significant mismatch on the southern margin observed between modeled inundation and the paleo-shoreline. These two areas include the Eucla Basin located on the southern margin of Australia (Fig. 3) and the southeastern corner of Australia including the Murray Basin and Bass Strait between the Australian continent and Tasmania. As previously suggested (Sandiford, 2007) , the record of inundation along the southern margin varies from east to west between these two regions. Fundamentally, our inundation mismatch indicates the southern margin is not explained by adding a planar adjustment to predicted topography.
Firstly, the modeled inundation for southeastern corner of Australia cannot explain the observed complete exposure of the Bass Strait and Murray Basin during the Eocene (52 to 36 Ma Fig. 5A ). The modeled inundation is also unable to explain the progressive inundation of the Murray Basin from the Neogene until the Pliocene (30 Ma to 5 Ma Fig. 5A ) (Langford et al., 1995; Sandiford, 2007) which was followed by a rapid and progressive period of off-lap. To match paleoshorelines in the southeastern corner of Australia, our model requires a further localized uplift in the Eocene followed by localized subsidence during the Tertiary until the Pliocene.
The inundation record of the Murray Basin is unique and local tectonics may provide an explanation for the inundation of this area. The subsidence and uplift history of the Murray Basin may be related to active faulting and uplift in the Southeastern Highlands (Jones and Veevers, 1982) , which commenced at least as early as the Neogene (Sandiford, 2003) , with faulting extending into the Murray Basin (Dickinson et al., 2002) . At about six million years ago, the Murray basin experienced up to 180 m of inundation (Sandiford, 2007) and is now largely above sea level. Uplift in the Ottway ranges may have reached a magnitude of 174 to 240 m (Sandiford, 2003) while fossilized beaches in southeast Australia have undergone regional uplift of 250 m (Wallace et al., 2005) . These stranded beaches show that the rate of uplift accelerated during the Quaternary (Sprigg, 1979; Wallace et al., 2005) . This region has undergone unique local tectonic deformation that is not captured by a continent wide long wavelength signal of anomalous topography and is not here attributed to a shorter wavelength mantle convective process.
Secondly, modeled inundation cannot explain the amount of flooding of the southern margin during the Eocene (compare modeled inundation B and C to A between 52 to 36 Ma Fig. 5 ). Furthermore, modeled inundation is unable to explain the extensive inundation of the southern margin during the Miocene (observed inundation 30 to 10 Ma Fig. 6 ) and complete exposure by the Late Miocene (10-0 Ma Fig. 5A , observed inundation 10-0 Ma Fig. 6 ). To match paleoshorelines on the southern margin of Australia, our model requires an additional negative component of topography both during the Eocene and the Miocene.
The southern margin of Australia has a different inundation record from the Murray Basin and is too far from the southeastern highlands to have been influenced by these localized tectonics. The Eucla Basin contains a valuable relative sea level record which is preserved by Miocene and Eocene strandlines located some 400 km onshore. Sandiford (2007) suggested that this margin might be linked to the same process causing the AAD. The residual depth anomaly of the AAD, the Australian Antarctic Depth Anomaly (AADA), may be caused by a mantle source (Gurnis et al., 1998) . Sandiford (2007) proposed that the southern margin was progressively uplifted since the Neogene while it moved away from a dynamic topography low associated with the AADA. It should be noted that following the Miocene inundation of the Eucla Basin the southern margin became exposed and this exposure is well matched by our modeled inundation (Fig. 5) . Therefore, no additional short wavelength topographic component is required on the southern margin since the end of the Miocene.
The evolution of long wavelength anomalous topography
We find the position of the Australian continent relative to features thought to cause dynamic topography, (e.g. subduction zones), by rotating the continent relative to a moving hotspot absolute plate motion reference frame (O'Neill et al., 2003) . The global plate motions are described by a collection of a number of relative plate motion models (Veevers, 1984; Royer and Sandwell, 1989; Royer and Chang, 1991; Veevers et al., 1991; Royer and Coffin, 1992; Royer and Rollet, 1997; Gaina et al., 1998; Tikku and Cande, 1999; Gaina et al., 1999; Müller et al., 2000a; Heine et al., 2004 ). 6 . A comparison between the interpreted inundation for selected basins on the continental margin and the modeled inundation. Two filtered global sea level curves (Haq et al., 1987; Haq and Al-Qahtani, 2005) are plotted on the left axis, the interpreted inundation, predicted inundation and modeled inundation is plotted on the right axis. The Eucla Basin includes an additional short wavelength component which closely matches the magnitude of interpreted inundation. Note also that in every case the modeled inundation matches the interpreted inundation better than the predicted inundation.
Referencing the long wavelength anomalous topography relative to 60 Ma (i.e. taking 60 Ma to have no tilt), shows the relative motion of the continent as it approached active subduction zones in Indonesia and Melanesia (Fig. 7) . From the Paleocene until the Oligocene (60 to 33 Ma Fig. 7 ) the continent remains relatively flat with a slight upward tilt in the northeast. By the Oligocene the northeast of the continent tilted down by 100 m. This is coincident with the acceleration of spreading between Australian and Antarctica, which moved the northern margin of Australia towards the southwestward dipping subduction beneath the Melanesian arc. During the Miocene (20 Ma  Fig. 7) , the magnitude of this downward tilt increased to more than 200 m towards the north. From the Miocene until the Pliocene (8 to 4 Ma Fig. 7 ) the long wavelength tilt further increased to more than 300 m downward in the northeast as it approached the subduction systems to the east of Papua New Guinea. Progressive subsidence by more than 200 m is observed along the southern margin until the Pliocene (4 Ma Fig. 7) . The subsidence along the southern margin indicates that in addition to the northeastward tilt of the continent, there was an overall bulk downward shift of the continent since the Paleocene.
The evolution of a broad northeastern downward tilt since the Eocene is coincident with the establishment of an extensive southeastward dipping subduction system beneath the Melanesian arc (Hall, 2002) and an increase in spreading rate between Antarctica and Australia (Whittaker et al., 2007) . Subduction at the Greater Melanesian Arc was initiated around 43 Ma (Hall, 2002) ; it included the islands of New Britain, Bougainville, Vanuatu and the Solomon Islands (Kroenke, 1984) and may have been contiguous with subduction extending as far south as New Zealand (Hall, 2002: fig. 17 ).
The Miocene northward tilt (20 Ma Fig. 7) is contemporaneous with the collision along the northern margin of Australia with Papua New Guinea around 12 Ma (Hall, 2002) . Loading and collision along this margin may account for the northward change in downward tilt at this time.
Referencing the long wavelength anomalous topography relative to 77 Ma shows the relative motion of the continent since the Late Cretaceous (Fig. 8) . During the Late Cretaceous, the continent remained relatively flat until the Eocene (77 to 44 Ma Fig. 8) . By the Eocene the whole continent was at least 100 m lower than during the Late Cretaceous. By the Miocene the entire Australian continent was more than 200 m lower than during the Late Cretaceous.
The relatively flat subsidence of the Australian continent during the Late Cretaceous is consistent with a period of little to no subduction near Australia. During the Late Cretaceous to the Paleocene the boundary between the Pacific and Australian plates was likely dominated by strike slip motion rather than subduction (Yan and Kroenke, 1993; Müller et al., 2000b) . Our model for the Late Cretaceous is consistent with Russell and Gurnis (1994) who used Cretaceous inundation to show that the continent subsided in bulk with little tilting between 119 and 66 Ma. The overall bulk subsidence of the Australian continent since the Cretaceous is coincident with both the separation of India from Gondwanaland and the gradual drift of Australia away from Antarctica marking the breakup of Gondwanaland. The abundance of magmatism during the breakup of Gondwanaland (Storey et al., 1995) indicates that the mantle beneath the supercontinent may have been anomalously hot; the Cretaceous to Eocene bulk subsidence may be related to the movement of Australia away from this relatively hot mantle beneath Gondwanaland. Fig. 7 . Relative motion of the long wavelength anomalous topography of Australia since 60 Ma (with 100 m contours). The shorter wavelength anomalous topography is added to the long wavelength dynamic topography (red outline for times earlier than 60 Ma).
Short wavelength anomalous topography on the southern margin
In addition to long wavelength anomalous topography, a component of short wavelength anomalous topography is applied to make the southern margin modeled topography match the paleo-shorelines. This short wavelength feature is quantified and compared to the signal observed at the AAD. The magnitude and shape of the shorter wavelength anomalous subsidence is defined by examining the mismatch between modeled topography including the long wavelength tilt and a given paleo-shoreline. The shape of the anomaly is constrained according to the first appearance of anomalous subsidence recorded at wells offshore of the Eucla Basin. We exclude all data points from the southern margin before we compute the planar surface in order to completely isolate the short wavelength signal from the long wavelength tilting (Fig. 5D) .
Previous studies of tectonic subsidence in the Great Australian Bight inferred accelerated subsidence in the Eocene, Oligocene and Miocene (Brown et al., 2001) , which was attributed to accelerated spreading between Australia and Antarctica (Totterdell et al., 2000) . We separate episodes of anomalous subsidence from post rift thermal subsidence using a lithospheric stretching model. We use the stretching factors estimated at specific well locations based on seismic refraction data from Brown et al. (2003) , based on an initial crustal thickness of 35 km (Brown et al., 2001 ) and vary the episode of rifting between 160 and 83 Ma (Totterdell et al., 2000) to match the rift subsidence recorded on the tectonic subsidence curve (Fig. 9 ) (properties used to calculate rift and post-rift subsidence are listed in the online Supplementary Table S5) .
Maximum Eocene inundation on the southern margin occurred around 39 Ma (Sandiford, 2007 ) (52 to 36 Ma Fig. 5A ) and a subsidence of between 150 and 250 m is required to match the modeled topography to the paleo-shoreline. Tectonic subsidence curves from wells offshore of the Eucla Basin show no anomalous subsidence at this time (Fig. 9) . During the Miocene (30 to 10 Ma Fig.  5 ), additional subsidence of between 200 and 300 m is required to reconcile the paleo-shoreline to the modeled topography (Fig. 5D) . Tectonic subsidence curves calculated from wells offshore of the Eucla Basin indicate up to 250 m of anomalous subsidence since the Miocene (Fig. 9) . We create an anomaly with a gaussian shape in cross-section and a maximum amplitude of 250 m. We constrain the surface extent to permit the episodes of subsidence observed both onshore and offshore and fix this anomaly to the mantle.
Our modeled inundation with an additional short wavelength anomaly accounts for the inundation of the Eucla Basin in the Eocene Fig. 6 ), the Eucla Basin experiences only a small increase in inundation due to the steeper gradient of the topography exposed at a time of low sea level.
The present day AADA correlates well with the reconstructed position of the proposed shorter wavelength anomalous topography (Fig. 7) . Interestingly, the appearance of closely spaced fracture zones on the South East Indian Ridge associated with the Australian Antarctic Discordance correlates with the interception of the short wavelength anomaly with the spreading ridge in these reconstructions. Furthermore, the shorter wavelength anomaly lies in the same paleo position as earlier predictions for the passage of subducted material beneath the eastern margin of Australia, a model that also correctly predicts the present day location of the AAD (see Fig. 6D , E and F, Gurnis et al., 1998) .
The shape of the proposed shorter wavelength anomaly does not account for the observed anomalous subsidence experienced at wells farther east, offshore of the Murray and Otway Basins. We do not yet have a complete understanding for the subsidence of these basins; however our observations provide an opportunity to explore the topographic evolution of the entire southern margin of Australia and the formation of the AADA with geodynamic models.
Conclusion
The vertical motion of the Australian continent since the Late Cretaceous is estimated using a planar surface to approximate the long wavelength dynamic topography of the Australian continent. Modeled inundation is a good first order approximation to interpreted paleoshorelines especially on the northern, northwestern and western margins. Calculating the relative vertical motion and rotating the long wavelength component of anomalous topography to its paleo position, shows that as the Australian continent approached subduction beneath Melanesia it was progressively pulled down in the northeast by as much as 300 m. From the Late Cretaceous until the Eocene, the Australian continent subsided by as much as 200 m but remained fairly flat relative to Late Cretaceous topography. Consequently, most of the north downward tilting post-dates the Early Eocene.
The Eucla Basin and Great Australian Bight have experienced long wavelength gradual subsidence punctuated by localized short wavelength subsidence. The cause for the short wavelength subsidence anomaly is most likely a temperature/compositional anomaly fixed relative to the mantle which was overridden by the Australian plate. The anomaly may indicate the source of the AAD since its reconstructed position correlates to the present day location of the AAD. Our models of vertical motion are likely to place strong constraints on a new generation of geodynamic models of the Australian region. Furthermore, our quantitative approach suggests that the magnitude of dynamic influences on topography may be of the same order of magnitude as sea level fluctuations and further modeling the dynamics of the Australian continent may confirm whether mantle anomalies can account for these topographic observations. Council Australian Postgraduate Award administered by the University of Sydney. This work represents contribution 8997 of the Division of Geological and Planetary Sciences, California Institute of Technology, and contribution 97 of the Tectonics Observatory. We thank M. Sandiford and an anonymous reviewer for their reviews that significantly improved this manuscript.
